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Thickness-dependent coercive mechanisms in exchange-biased bilayers
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We present an investigation of the effect of ferromagnetic layer thickness on the exchange bias and coer-
civity enhancement in antiferromagnet/ferromagnet bilayers. At low temperatures both the exchange bias and
coercivity closely follow an inverse thickness relationship, contrary to several recent theoretical predictions.
Furthermore, the temperature dependence of the coercivity as a function of the ferromagnet thickness provides
clear evidence for the existence of two distinct regimes. These regimes were probed with conventional mag-
netometry, anisotropic magnetoresistance, and polarized neutron reflectometry. At low thickness the coercivity
exhibits a monotonic temperature dependence, whereas at higher thickness a broad maximum occurs in the
vicinity of the Néel temperature. These regimes are delineated by a particular ratio of the ferromagnet to
antiferromagnet thickness. We propose that the ratio of the anisotropy energies in the two layers determines
whether the coercivity is dominated by the ferromagnetic layer itself or the interaction of the ferromagnetic
layer with the antiferromagnet.
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INTRODUCTION

As a result of the lack of understanding of the ba
mechanism for unidirectional anisotropy at antiferromagn
ferromagnet~AF/F! interfaces, interest in exchange-bias
systems continues.1 This continued interest is no doubt als
stimulated by the fact that the exchange biasing phenome
is being used in devices in the magnetic recording industr
pin the magnetization of ferromagnetic layers.1,2 Recent
years have seen a shift in fundamental research toward
derstanding the mechanism of magnetization reversal, w
determines the coercivity. The interest in coercive mec
nisms was stimulated by several factors including the re
ization that the reversal mechanisms are intrinsica
asymmetric3–10 and that the phenomenology associated w
the enhanced coercivity~HC , the zero-moment half-width o
the hysteresis loop! provides important information on th
fundamental origin of the exchange bias~HE , the loop shift!
and the coupling mechanism between the AF and F laye11

Several explanations for the coercivity enhancement h
been advanced, based on experimental12,13 and
theoretical11,14,15 investigations. They include perpendicul
coupling between the layers,11 ‘‘Malozemoff-type’’ domains
which pin ferromagnetic domain walls,14 interfacial mag-
netic frustration,12 enhanced higher order anisotropies,13 and
irreversible~or reversible! changes in AF spin structure o
reversal of the F layer.15 What has become clear due to th
recent work is that the reversal of the F layer is not sim
due to coherent rotation on both sides of the loop and
models which do not incorporate a realistic description of
reversal mechanism cannot possibly capture the esse
physics. Two of the most recent investigations which ha
made attempts to realistically model the coercive mec
nisms are those of Stiles and McMichael15 and Li and
Zhang.14 Li and Zhang14 modeled the coercivity enhance
0163-1829/2002/65~6!/064403~7!/$20.00 65 0644
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ment as being due to effective pinning of F layer doma
walls by AF domains perpendicular to the interface.16 On the
other hand, Stiles and McMichael15 have presented a ver
comprehensive picture of coercive behavior in polycryst
line AF/F systems which highlights the importance of irr
versible changes in AF spin structure during reversal of
ferromagnet. They find that there are two regimes of beh
ior. In one, the losses are primarily in the F layer and st
from inhomogeneities in the coupling to the AF layer, wh
in the other irreversible changes in the AF spin structure l
to losses which mainly arise in the antiferromagnet itse
Note that by ‘‘losses’’ we mean energy losses due to irreve
ible changes in spin structure, e.g., due to domain wall m
tion, for instance. A simple way to visualize such a scena
is that large stable AF grains reverse in unison with the
layer, while small, unstable, AF grains are subject to irreve
ible losses due to the weaker effective coupling between
individual grain and ferromagnet. This model can be form
lated in terms of ‘‘rotatable’’ and ‘‘nonrotatable’’ componen
in the anisotropy.15,17

A common feature in both models is that the F lay
thickness dependence of the coercivity is very sensitive
the coercive mechanism at work. Traditionally, it has oft
been assumed that both the exchange bias and coerc
vary asH}1/tF , wheretF is the thickness of the F layer.1

This can be rationalized as a simple consequence of the
that the exchange bias effect is an interfacial one. Howe
Dimitrov and co-workers argued on general grounds18,19 that
the perpendicular domain model for coercivity enhancem
via F domain wall pinning should lead to

HC}
1

tF
n , ~1!
©2002 The American Physical Society03-1
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C. LEIGHTON et al. PHYSICAL REVIEW B 65 064403
where n51.5. This prediction was experimentally verifie
by Dimitrov et al.,18 Zhanget al.,19 and Zhuoet al.20 Further
analysis of the micromagnetic simulations based on
model showed that the exponentn is dependent on grain
sizes and the thickness regime for the ferromagnetic laye
all cases being greater than 1. The model of Stiles
McMichael15 also makes clear predictions regarding the
layer thickness dependence of the coercivity enhancem
Specifically, it was shown that at low temperatures~when the
losses are primarily in the F layer! n52, while at high tem-
peratures~when the losses are primarily in the AF layer! n
51 is recovered. It is also worth noting that the model
Stiles and McMichael15 also predicts that the thickness d
pendence of theexchange biasshould exhibit small depar
tures from 1/tF so that

HE}
1

tF
m , ~2!

where the exponentm is not necessarily 1. Given this theo
retical evidence that the thickness dependence of the coe
ity enhancement can shed light on the fundamental me
nisms, it is clear that a comprehensive experimen
investigation is required. Despite the many investigations
the coercivity enhancement, very few authors have p
formed systematic investigations of the F layer thickness
pendence~i.e., a determination ofn! in well-characterized
systems.

To systematically investigate the F layer thickness dep
dence of the coercivity enhancement, we have fabrica
wedges of variable thickness of Fe on MnF2 antiferromag-
netic layers. Note that the AF layers are epitaxial, b
twinned ~a full description of the structure is given below!,
while the F layers are polycrystalline. A schematic of t
sample structure is shown in Fig. 1. This materials sys
was chosen as it has proved to be a model system for
change bias studies due to the well-understood nature o
antiferromagnetism and controllable epitaxy. In this syst
we have previously studied the effects of interface disorde21

coercivity enhancements,12 and asymmetric magnetizatio
reversals,4–7 providing a large body of experimental know
edge of the exchange bias and surrounding phenomeno

EXPERIMENTAL CONSIDERATIONS

The samples were deposited by sequential electron b
evaporation as detailed in previous publications.4–7,12Briefly,
the fluoride layers are deposited from pressed powder tar

FIG. 1. Schematic of the sample structure. Details of the fi
deposition are given in the text.
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at a rate of 1 Å s21 onto MgO @100# substrates while the
metal overlayers are deposited from elemental targets
rate of 0.8 Å s21. The substrates~which are chemically
cleaned prior to loading into the vacuum system! are an-
nealedin vacuoat 500 °C for 1 h immediately prior to depo
sition. The base pressure of the system is in the lo
1028-Torr range, while the pressure during deposition of t
fluorides is below 631027 Torr. The thicknesses and~opti-
mized deposition temperatures! for the layers are 250 Å
~200 °C! for ZnF2 , 650 Å ~325–425 °C! for MnF2 , 18–160
Å ~150 °C! for Fe, and 50 Å~150 °C! for Al. The Al over-
layer is simply a cap material to prevent oxidation of t
films, while ZnF2 is a buffer layer to relax the large lattic
mismatch~8%! between MgO and MnF2. This is found to
considerably improve the epitaxy. The growth of an
wedge is achieved with a moving shutter in close proxim
to the substrate, driven by a vacuum stepper motor with
mm precision.

The layers have been characterized by reflection hi
energy electron diffraction~RHEED!, high-angle x-ray dif-
fraction ~HAXRD!, in-plane x-ray diffraction, grazing inci-
dence x-ray reflectivity ~GIXR!, and atomic force
microscopy ~AFM!. We find that the fluoride layers ar
quasiepitaxial, twinned@110# films, while the metallic over-
layers are polycrystalline with a@110# texture. The full width
at half maximum~FWHM! of the high-angle@110# reflec-
tions of the AF fluoride layer is;2° for every sample in this
study. The interfacial roughness between the AF and F lay
is controlled between 5 and 30 Å by varying the substr
temperature during growth.21 This interfacial roughness is
very important microstructural parameter as it defines
sign of the interfacial coupling between the F and AF lay
and, as a consequence, whether the system exhibits pos
exchange bias.12,21The samples presented in this study we
deliberately grown at temperatures, and interfacial rou
nesses, which resulted in only negative exchange bias.
was done to allow a direct comparison with other simp
systems where only negative exchange bias exists and
interfacial coupling is~presumably! ferromagnetic in nature

Wedges were deposited onto 18-mm-wide substra
which were then cut into 0.5–1-mm slices for the magneto
etry measurements. For an F layer thickness variation fr
16 to 160 Å this results in a ‘‘slope’’ of 8 Å thickness varia-
tion per mm across the sample surface. We stress tha
magnetometry was performed on cut samples rather tha
scanning magneto-optical methods. The thickness of the
ers was determined by GIXR with an absolute accuracy
the order of 10%. The magnetometry was done in a su
conducting quantum interference device~SQUID! magneto-
meter between 10 and 300 K and in fields up to 2 kOe. T
remnant fields in the superconducting solenoid were m
mized by warming the magnet above its critical temperat
and accounted for by measuring the apparent loop shif
unbiased single Fe thin films. In all cases the remnant fie
were kept well below the exchange bias fields reported h
Anisotropic magnetoresistance~AMR! measurements wer
made with the field parallel to the dc current in a4He flow
cryostat with a superconducting solenoid capable of stepp
field in 0.7 Oe increments. Polarized neutron reflectome
3-2
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THICKNESS-DEPENDENT COERCIVE MECHANISMS IN . . . PHYSICAL REVIEW B65 064403
~PNR! measurements were made on the NG1 reflectomet
the National Institute for Standards and Technology. Brie
a polarized neutron beam is specularly reflected from a t
film sample onto a polarization analyzer and detector. A to
of four cross sections are measured: two non-spin-flip cr
sections and two spin-flip cross sections~12 and21!. The
spin-flip scattering intensity arises from a component of
sample magnetization vector perpendicular to the app
magnetic field which flips the neutron spin from up to dow
or vice versa. Hence the observation of a nonzero value
the spin-flip~SF! scatter is indicative of significant rotatio
of the magnetization, as this results in some componen
the film magnetization being oriented perpendicular to
applied field direction. The measurements in this paper w
made by saturating the film in one direction and then incre
ing the field in the opposite sense until the coercive poin
reached. The intensity of the SF scatter then probes the
tive importance of magnetization rotation and reverse
main nucleation and propagation.

RESULTS AND DISCUSSION

As expected, the films show exchange bias and enhan
coercivities with values typical for these growth conditions21

As seen in previous studies,4–7,21 the blocking temperature
are identical to the bulk Ne´el temperature (TN567.3 K)
within experimental uncertainty. In addition, these samp
were proven to give the same value for exchange bias en
regardless of whether the measuring technique is revers
or irreversible.22

Figure 2 shows~on a log-log plot! the thickness depen
dence of the exchange bias and coercivity after field coo
from room temperature to 10 K in a field (HFC) of 2 kOe.
Note that two wedges are included on the plots~the open and
solid symbols!. These separate samples were fabricated
different ‘‘pump downs’’ of the vacuum system and the clo
agreement between the two is testament to the reproduc
ity we can achieve. The solid lines are straight line fits wh
represent a power-law dependence with a gradient equ
the powern for the coercivity and the powerm for the ex-

FIG. 2. T510 K Fe layer thickness dependence of the excha
bias ~a! and coercivity~b! plotted on a log-log graph. Two wedge
are shown~solid and open symbols!. The solid lines are straight line
fits which represent a power law as described by Eqs.~1! and ~2!.
The dotted line in~b! is a force fit withn51.5 to illustrate that such
a departure from 1/tFe would be easily resolvable in this exper
ment.HFC52 kOe. tAF5650 Å.
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change bias@see Eqs.~1! and~2!#. The fits result in values of
n51.0260.12 and m51.0560.08, both consistent with
1/tFe dependences. Although the 1/tFe dependence is ex
pected for the exchange bias~although small deviations ar
predicted in Ref. 15!, for the coercivity it is in direct contra-
diction with the theoretical work of Li and Zhang14 and
Stiles and McMichael15 as detailed in the Introduction. It is
worth noting at this stage that a reduced temperaturet
5T/TN510 K/67.3 K is low enough to be in the low
temperature regime of the Stiles-McMichael model wher
1/tFe

2 dependence is expected. The general arguments b
on the Li-Zhang model predict 1/tFe

1.5. In order to assess
whether the present experiment is accurate enough to res
such deviations from 1/tFe behavior, we have added a straig
line with a gradient corresponding to the powern51.5 in
Fig. 2. Clearly, this represents a resolvable departure fr
the dependence we observe.

The temperature dependence of the coercivity enhan
ment over the full range of Fe layer thickness is illustrated
Fig. 3 for a single wedge with thickness from 18.5 to 1
Å.23 At low Fe thickness the coercivity is monotonically d
pendent on temperature, showing a sharp increase on co
throughTN followed by a gradual saturation asT→0. How-
ever, at higher Fe thickness the temperature dependen
dominated by a broad maximum nearTN , in addition to a
weak increase asT→0. These two regimes are delineated
a crossover thickness of;90 Å ~‘‘up triangles’’ in Fig. 3!
where the two contributions compete, resulting in a coerc
ity which is nearly temperature independent from 10 to 1
K.

It should be noted at this stage that broad peaks in
coercivity at the Ne´el point have been observed before, sp
radically, in many systems.12,24–29They also appear in som
theoretical models, most notably the model of Stiles a
McMichael.15 In general terms the existence of the peak
TN is due to the losses in the AF layer as the Ne´el point is
approached from below. The basic idea is that the fraction
total energy loss which occurs in the AF part of the AF
bilayer is increasing asTN is approached. AsTN is ap-
proached from below, the AF anisotropy is rapidly decre

e

FIG. 3. Temperature dependence of the coercivity for one of
wedges shown in Fig. 2. The thicknesses of the Fe layer are 1
24.5, 34, 43, 64, 93.5, 116, and 161 Å, respectively. The Ne´el point
TN567.3 K is labeled.HFC52 kOe. tAF5650 Å.
3-3
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C. LEIGHTON et al. PHYSICAL REVIEW B 65 064403
ing, meaning that reversal of the ferromagnet can ind
more spin reorientation in the AF layer, and the coerciv
increases. This continues untilTN where the AF order is los
and the effect is destroyed, meaning that the coercivity
gins to decrease again, hence the broad peak roughly
tered aroundTN . Note that in the Stiles-McMichael mode
the energy losses in the AF layer are due to irrevers
changes in spin structure, but the basic concept is simila

The interesting point in our experiment is that the
maxima in coercivity are only observed in thicker Fe laye
This phenomenon is illustrated again in Fig. 4, which sho
thickness dependences for the coercivity at three temp
tures: 10 K, 67.3 K (5TN), and 300 K. The 10 K data ar
already shown in Fig. 2 and show the previously discuss
strong 1/tFe dependence. The 67.3 K data actually show
increase in coercivity with increasing thickness, which is due

FIG. 4. Fe layer thickness dependence of the coercivity at~a!
T510 K, ~b! T5TN567.3 K, and~c! T5300 K. In ~a! the solid
line is a 1/tFe fit, in ~b! the solid line is a guide to the eye, and in~c!
the solid line is a straight line fit.HFC52 kOe. tAF5650 Å.
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to the fact that the broad maxima inHC occur only for the
thicker Fe layers. In other words, it appears that there are
components to the coercivity—one which is active at all te
peratures, which is seen for all Fe thicknesses, and one w
contributes only in the vicinity ofTN , which is only ob-
served in thicker Fe layers. Upon increasing temperatur
300 K the coercivity becomes almost thickness independ
as shown in Fig. 4~c!. This is an interesting point in itself, to
which we shall return later.

To gain insight into the origin of theHC peak atTN for
larger Fe thicknesses we fabricated further samples w
various AF layer thicknesses. The coercive behavior of th
samples is summarized in Fig. 5, which showsHC(T) in the
vicinity of TN for a constant Fe layer thickness of 120 Å a
AF layer thicknesses of 210 and 2200 Å, respectively. T
sample with lower AF thickness shows a clear maximum
HC at TN , while the sample with large AF thickness show
no such maximum. The data suggest that the peak inHC only
occurs when the ratio of the F layer thickness to the AF la
thickness is bigger than a particular value; i.e., for a cons
Fe layer thickness there is a peak for low AF thickness,
not for high AF thickness, as observed in Fig. 5.

To further test this hypothesis we fabricated three ad
tional wedges of similar structure to that in Fig. 1, but wi
constant AF thicknesses of 220, 1000, and 2200 Å. Each
these wedges was subject to the same cutting procedu
the first wedge and was measured under identical condit
by SQUID magnetometry. Note also that the FWHM of t
high-angle x-ray reflections and the interfacial roughnes
were comparable to those of the original two wedges sho
in Fig. 2. In each case we observed that the peak atTN
occurs at large Fe thickness only. In fact, a crossover
thickness (tFe* ) delineates the two regimes, i.e., low thickne
where theT dependence is monotonic and high thickne
where it shows a broad maximum atTN . Figure 6 shows the
ratio tFe* /tAF plotted againsttAF , the thickness of the AF
layer. Clearly the crossover between the two regimes alw
occurs at a specific value of the ratio of the F to AF lay
thickness.

The two distinct regimes of coercive behavior may be d
to the relative dominance of the F or AF layer, as sugges

FIG. 5. Temperature dependence of the coercivity for t
samples withtFe5120 Å andtAF5210 Å ~solid symbols! and tAF

52200 Å ~open symbols!. HFC52 kOe.
3-4
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THICKNESS-DEPENDENT COERCIVE MECHANISMS IN . . . PHYSICAL REVIEW B65 064403
in the theoretical model of Stiles and McMichael.15 At low
Fe thickness the losses on reversal of the F layer are pr
rily in the F layer itself and the temperature dependence
the coercivity is monotonic. At higher thicknesses we su
gest that a significant fraction of the losses on reversal of
F layer take place in the AF layer. It is these losses wh
increase in importance asTN is approached from below an
lead to the maximum inHC(T). It is interesting to formulate
this idea in terms of the relative strengths of the anisotrop
in the F and AF layers. Denoting the AF and F anisotro
constants~in units of erg/cm3! as KAF and KF , the ratio of
the anisotropy energies in the two layers isX
5KFtF /KAFtAF . The argument above implies that when t
F layer anisotropy energy is significant~i.e., whenX is large,
at high Fe layer thickness! the F layer induces significan
spin reorientation in the AF layer as it reverses. On the ot
hand, when the F layer anisotropy energy is weak~i.e., when
X is small, at low Fe layer thickness! the F layer reverses
without perturbing the AF layerin the vicinity of TN . Hence
no anomaly is observed atTN as the losses are primarily i
the F layer itself. Although the proposed model is similar
that of Stiles and McMichael, we do not observe the p
dicted 1/tFe

2 dependence, which could well be due to the fa
that our system is, strictly speaking, outside the range
applicability of the Stiles-McMichael model.30

At this stage we return to the observation of a hig
temperature~300 K! coercivity which is essentially indepen
dent of the Fe layer thickness. In order to understand
effect we undertook an investigation of the nature of
reversal mechanism at low and high Fe thicknesses at 30
using PNR and AMR. Both of these techniques have b
successfully employed in the past to probe the magnetiza
reversal in exchange-biased F layers.4–6,31,32Previous mea-
surements on similar samples withtFe5120 Å indicated that
the reversal mechanism at high temperatures was ne
completely due to rotation of the magnetization nor co
pletely due to domain wall nucleation and propagation.33 The
reversal mechanism appeared to be a mixture of the tw
deduced from the fact that the intensity of the spin-flip sc

FIG. 6. Plot of the ratio of the crossover thicknesstFe* to the
antiferromagnet thicknesstAF against the antiferromagnetic thick
ness for four wedges. The two wedges with AF thickness of 65
are the same as those studied in Figs. 2, 3, 4, and 5.
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tering at the coercive point (I SF) in the PNR was far less tha
the full value expected for complete coherent rotation,
nonzero. This is a clear indication that the reversal is
mixed character with some domain wall contribution a
some rotation of the magnetization.34 Figure 7 shows the
PNR atT@TN for samples with Fe thicknesses of 160 a
20 Å on a fixed 650-Å AF layer. These data were taken a
saturating the F layers in the negative field direction and t
returning to a point close to the coercive field on the rig
hand side of the loops. Note that the data were correcte
take into account the finite spin polarization of the neutr
beam and the background count rate. The overlap of the
non-spin-flip scattering profiles in each case is testamen
the fact that the film is very close to the coercive point: i.
the net magnetization projected on to the applied magn
field vector is close to zero. The striking similarity of the tw
spin-flip data sets is in agreement with the fact that theHC
values barely differ~40 Oe compared to 50 Oe! despite the
difference in F layer thickness and the completely dispar
behavior atT,TN ~see Fig. 3!. Again, the nonzero values o
I SF suggest a significant amount of magnetization rotati
The AMR hysteresis loops for the two samples are shown
Fig. 8 at T5272 K (@TN), taken with the current perpen
dicular to the applied magnetic field direction. Again, t
similarity is striking. Not only are the coercivity values an
the general shape very similar, the amplitude of the AM
effect is practically identical~0.130% compared to 0.105%!.
Note that, just as for the PNR, the amplitude of the effec
consistent with a mixed reversal with both rotational a
domain character.

We are led to the conclusion that the reversal mechan
and coercivity at 300 K is almost independent of the F la
thickness. This is inconsistent with reversal by domain w
motion as this will give a strong thickness dependence w
higherHC at low thickness values. Essentially, this is due
the fact that driving perpendicular domain walls through
layers become increasingly difficult as the thickness is
duced. We propose that the indications of significant mag
tization rotation in the PNR and AMR data are the key
interpretation of the insensitivity ofHC to tFe. Specifically,
we suggest that the F layer is composed of a large numbe

Å

FIG. 7. Polarized neutron reflectivity against momentum tra
fer for two samples withtFe520 Å ~a! and 160 Å~b!, respectively.
The data were taken after saturating the films in the negative fi
direction and then returning to a point close to the right-side co
cive field. Square symbols represent non-spin-flip scattering, w
the round symbols represent the spin-flip scattering intensity
both cases,T@TN .
3-5
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FIG. 8. Anisotropic magnetoresistance da
for the two samples withtFe520 Å ~a! and 160 Å
~b!, respectively. The data were taken atT
5273 K with the current aligned perpendicular
the in-plane magnetic field. In both cases the c
rent used was 96mA. The 20-Å sample had a
resistance of 65V, while the 120-Å sample had a
resistance of 4.5V ~these values are at 273 K!.
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grains with a diameter which is largely independent of
thickness of the layer. The size of the coercivity is det
mined by the rotation of the magnetization in these in
vidual grains and is therefore independent of the layer th
ness. Ideally, we would be able to probe the microstruct
of the F layers with our x-ray diffraction techniques, but th
is impossible in this system due to the unfortunate overlap
the peak positions of the MgO@100# substrate reflection an
the Fe @110# reflection. However, prior studies with AFM
detected a surface morphology modulation, consistent w
grains of the order of several hundred nanometers in di
eter.

SUMMARY AND CONCLUSIONS

In summary, we have made a detailed investigation of
thickness dependence of the exchange bias and coerc
enhancement in well-characterized exchange-biased bila
of Fe/MnF2 . At low temperatures we observe a 1/tFe depen-
dence for both the exchange bias and coercivity, in appa
disagreement with recent theoretical predictions. The te
perature dependence of the coercivity clearly implies the
istence of two distinct regimes of coercive behavior. At lar
Fe layer thicknesses~or low antiferromagnet thickness! a
broad maximum in the coercivity occurs near the Ne´el tem-
perature. At low Fe layer thickness the temperature dep
.

R

.

J

J
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dence of the coercivity is monotonic. By varying the thic
ness of the AF layer we proved that the crossover po
between the two regimes occurs at a well-defined ratio of
thickness of the F and AF layers. We propose that the
regimes correspond to situations where the F layer reve
almost independently of the AF layer nearTN ~low Fe thick-
ness! and where the F layer reversal induces significant l
in the AF layer~high Fe thickness!. This is similar to a recent
model by Stiles and McMichael.15
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